A systematic literature review of human studies relating caffeine or caffeine-rich beverages to cognitive decline reveals only 6 studies that have collected and analyzed cognition data in a prospective fashion that enables study of decline across the spectrum of cognition. These 6 studies, in general, evaluate cognitive function using the Mini Mental State Exam and base their beverage data on FFQs. Studies included in our review differed in their source populations, duration of study, and most dramatically in how their analyses were done, disallowing direct quantitative comparisons of their effect estimates. Only one of the studies reported on all 3 exposures, coffee, tea, and caffeine, making comparisons of findings across studies more difficult. However, in general, it can be stated that for all studies of tea and most studies of coffee and caffeine, the estimates of cognitive decline were lower among consumers, although there is a lack of a distinct dose response. Only a few measures showed a quantitative significance and, interestingly, studies indicate a stronger effect among women than men.
Introduction
As life expectancies increase, the specter of inevitable cognitive decline looms more menacingly among older adults. Unfortunately, we know of no cognition enhancer that reliably and repeatedly counteracts age-associated cognitive decline (1) . In the quest for knowledge on slowing cognitive decline in man, randomized controlled studies are unlikely to be undertaken. Therefore, there is a need to rely on animal studies and observational epidemiologic studies of natural experiments in man to provide knowledge on the relationship between beverage consumption and decline. Animal studies do suggest that chronic caffeine consumption may prevent cognitive decline in male rats (2) . Caffeine-treated rats given 5 mg/(kg $ d) for 6 mo outperformed a tap water control group on maze-based cognition tests conducted 2-3 wk after caffeine withdrawal. The caffeinated rats demonstrated measurably greater dendritic length of 4th and 5th order branches, total dendritic length, and spine density in distal dendritic branches in the basal dendrites of CA1 pyramidal neurons, 1 of 3 layers of pyramidal neurons within the hippocampus. Substances other than caffeine in tea and coffee might also affect cognition. Theanine, e.g., an amino acid that crosses the blood-brain barrier and found only in tea and mushrooms (3, 4) , is one of these substances experimentally studied in relation to cognition in man (5) (6) (7) .
Cross-sectional human epidemiologic studies have reported better cognitive function among self-selected coffee or tea drinkers for many years (8) . In northern Europe, global cognition scores among community-dwelling, nondemented elderly in Dublin and Norway were positively correlated with tea intake (9, 10) . Asian studies of tea and cognition have also reported less cognitive impairment among former tea drinkers, as evidenced in a study of 90-108 y olds living in western China (8) and $70 y olds in Japan (11) . Such cross-sectional studies, however, are vulnerable to multiple biases, including the possibility that the drinking behavior may be a result of cognitive status instead of causally related.
To overcome these limitations, study in humans requires cohorts of representative healthy populations in whom cognition has been measured at baseline and repeatedly over time using the same assessment tool. Comparisons of change in function over time between consumers and nonconsumers and the relationship of change to dose can then be modeled. Challenges will still exist due to the fact that people with the greatest decline are more likely to drop out of the cohort and because results can be confounded by the fact that drinkers of tea or coffee differ from nondrinkers. In addition, when people switch their beverage after the onset of illness, it can appear causal.
This report summarizes the cohort studies of tea, coffee, and caffeine intake and cognitive decline in man. It highlights the many challenges in such studies, including testing demented elderly, missing values, loss to follow-up, many potential confounding variables, and changes in exposure categorization for reasons that might be related to the outcomes of interest.
Materials and Methods

Search strategy
Potential eligible studies were identified through an electronic search of the database PubMed from dates up until March 2012. The search used the following terms to identify the risk exposure (coffee OR caffeine OR tea) combined with terms to determine the outcomes of interest [cognit* AND (declin* OR deteriorat*)]. There were no language restrictions on the search. We screened titles, keywords, and abstracts of the citations obtained from the database. If deemed appropriate for our study, a full copy of the article was obtained for further assessment.
We included studies with a cohort design that addressed the relation between caffeine consumption through coffee and/or tea regardless of assessment of other dietary sources of caffeine.
Articles that were reviews or did not study humans were excluded. Articles in which caffeine was not studied were excluded. Also, articles in which cognitive decline was not measured or measured through Alzheimer's disease or dementia were excluded as well. Because the focus of this paper is on the prevention of age-related cognitive decline, and analyses that use dichotomous outcomes ignore decline within the normal range and are insensitive to further decline among those determined demented, such publications have not been included in this review. Lastly, studies that were cross-sectional rather than cohort were additionally excluded.
Results
Studies selected
As seen in Figure 1 , our search revealed 81 articles, 79 through the PubMed search and 2 through reference list searches. Of these, 75 were excluded for the following reasons: 10 were review articles; 23 did not measure caffeine, tea, or coffee as a variable; 21 did not measure for cognitive decline as an outcome; 13 were not human studies; and 8 were cross-sectional studies.
Dietary assessment
Usual dietary intake was assessed at baseline FFQs in all of the studies except Santos (4) . Participants were asked to indicate how often they had consumed specific foods and beverages during the past year, including tea and coffee. The questionnaires differed in their range of options, the most narrow being ordinal categories that truncated intake at "almost every day" (3) and the most frequent being >10 cups/d (12) . One cup was~250 mL.
Caffeine consumption
Total caffeine consumption for participants was estimated by multiplying their reported frequency of tea and coffee consumption by the respective estimates of caffeine content; this can be seen in Table 1 . The amount each study used per cup, with few exceptions (13, 14) , was 30 mg caffeine/cup of tea and 85 mg caffeine/cup of coffee (3, 8, 12, 15) . The Ritchie Study used 50 mg caffeine/cup of tea and 100 mg caffeine/ cup of coffee (13) . The Santos study used Food Processor Plus, where a standard cup of coffee has 63 mg caffeine, a standard cup of tea has 47 mg caffeine, and caffeine intake from other sources, including soft drinks and chocolate, are included (14) .
Cognitive assessments
Commonly used in studies of global cognitive function as well as in clinical practice, the 30-point scale Mini Mental State Exam (MMSE), 3 which takes w10 min to administer, was the most frequent outcome measure across studies (16, 17) . It includes modules on orientation to time and place, registration and repeating prompts, attention, and calculation, recall, language, phrase repetition, and complex commands skills expressed through drawing. It has been modified to a 100-point scale for greater information capture in the Modified Mini Mental State (3MS) examination (17) . Only one study used the more extensive 3MS examination (17) . In addition, the Benton Visual Retention Test and the Isaacs Set tests were employed in one study (13) . Another (12) 
Statistical analysis
In most cases, linear mixed models examine the association between baseline beverage consumption and the change in cognitive test scores over time. Logistic regression models were applied and RRs reported in 3 of the studies, one on tea and coffee intake combined, one on tea and coffee separately, and one on caffeine derived from these 2 sources. Two other studies reported the regression coefficients of change in score decline with consumption after adjustment for confounding variables, as listed in Table 2 . All models were adjusted for age at baseline, gender, educational attainment, and health conditions. Some had additional factors such as field center for multi-centered studies, diabetes, hypertension, current smoking, history of stroke, history of coronary heart disease, Center for Epidemiologic Studies Depression Scale score (18) , and APOEe4 allele carrier status.
As an outcome measure, one study provided information only on the r square of a linear regression model before and after inclusion of caffeine (and showed no change in explained variance) (12) . In almost all studies, the referent group consisted of nonconsumers of both beverages.
Two cohorts were identified that had the potential for reporting on cognitive decline, but because their analyses were limited to determination of dementia and our goal was to discover factors determining the rate of decline, rather than decline, they were not included (19, 20) . This is because in these 2 studies from Canada, as much as a 20% decline in cognition would be ignored as long as doing so set the individual beyond the dementia cutoff.
Item response theory
The problem with global cognitive tests is that individual test items do not have difficulty levels evenly distributed across the ability spectrum (21) . For example, a 5-point drop in score from 100 to 95 represents a much greater cognitive decline than a 5-point drop in individuals with moderate functioning from 80 to 75. This uneven distribution of item difficulties has been shown to cause biased estimates of rates of decline (21) . An increasingly popular and validated approach to minimize this bias is the use of item response theory (IRT) to score global cognition data to establish linearity in the scale (22, 23) . Because analyses using the IRT scores provide a more statistically robust estimate of the associations evaluated, such results are more likely to estimate the true underlying association. Unfortunately, only one study reported IRT adjustments (3) . That group used Samejima's (24, 25) graded response model to estimate item variables from the baseline time point with Parscale software (26) .
Survivor bias
Bias can result from participants experiencing greater cognitive decline being less likely to participate in the in-person visits (27) . In one study (3) , nonparticipation on the assessment of cognitive function over time was addressed by incorporated data from the 2 alternative cognitive assessments administered by telephone, using a regression model based on those methods (27) and imputing scores for participants.
Characteristics of the studies The 6 longitudinal cohort studies that met the inclusion criteria for evaluating the effects of tea or coffee on cognitive decline were published between 2003 and 2011 (3, 8, (12) (13) (14) (15) and are summarized in Table 1 . Four of the studies were conducted in Europe [Netherlands (12, 15) , Finland (15), Italy (15), France (13), and Portugal (14)]. One study was conducted on a cohort from China (8) and the other was from the United States (3). The smallest study included 309 participants and the largest cohort included 7017 participants (13) . Four of the studies stratified results for men and women (3, 8, 13, 14) ; one study was conducted on a male cohort (15) and one study did not distinguish between men and women in their results (12) . Follow-up ranged from a mean of 1.3 y (8) to 10 y (15). Consumption varied within a range of 30 mg/wk caffeine (1 cup of tea) to 550 mg/d caffeine. Two studies analyzed coffee and tea consumption separately (3, 8) . One study investigated only coffee (15) .
Three studies reported ORs with dose stratification (3, 8, 13) and are illustrated in Figure 2 . The other studies reported R 2 values (12) or relative changes in MMSE scores (15) or conducted Poisson regression to estimate the risk associated with caffeine consumption (14) . Age and education were controlled for in all studies. Five studies controlled for smoking, sex, and a number of health variables (i.e., physical exercise, diabetes, BMI, depression, cardiovascular disease, hypertension, history of stroke, etc.).
Tree diagrams of the RR results for those studies that conducted logistic regressions are presented in Figure 2 . The study of Santos et al. (14) showed a significant reduction in cognitive decline for caffeine consumption; however, although the ORs for the study of Ritchie et al. (13) were <1.0, only a few reached significance and those were only in women. The study of Ng et al. (8) also showed a significant effect of tea in reducing cognitive decline only when high tea consumption was compared with no consumption in women. None of their coffee estimates were indicative of a protective effect (8) .
Given these findings, a meta-analysis could not be conducted. There are not enough studies on a single exposure (tea or coffee or caffeine in total) and there was heterogeneity in both the exposure measures, (tea, coffee, caffeine) and the different outcomes uses (MSE, 3ME, and other indicators) that unfortunately make this impossible.
Discussion
Caffeine, present in coffee, tea, soft drinks, energy drinks, and chocolate, is known to enhance information processing speed, attention, and reaction time in humans (14) . Cognitive effects of caffeine have been related to antagonism of A1 adenosine receptors in the hippocampus and cortex (28) (29) (30) . A meta-analysis of caffeine and cognitive decline conducted by Santos et al. (14) reported a nonsignificant RR of 0.98 (0.87-1.11).
Across the 6 studies, we found modestly reduced rates of cognitive decline over median follow-up times ranging from 1.3 to 10 y. Reductions in cognitive decline were not linearly related to frequency of consumption. Caffeine consumption was also associated with slower cognitive decline among men and women in Portugal (14) ; however, no association could be made from another study with a reduction in cognitive decline in men and women in France (13) .
Both of the cohorts studying tea suggest a reduction in cognitive decline among female tea drinkers (3, 8) . The Singapore Longitudinal Ageing Studies cohort followed 1408 Chinese men and women drinking black and oolong tea briefly for 1-2 y (8). The Cardiovascular Health Study included 4809 Americans followed for almost 8 y (3). Two longitudinal studies of cognitive decline and coffee consumption showed less decline among consumers but no dose response (3, 12) . Another showed no relationship (8, 31) . These findings reflect those seen in studies of coffee and dementia: isolated significant findings but without demonstrating a dose-response relationship (15, 32) . In the U.S. study, an association was found between coffee drinking and somewhat attenuated rates of cognitive decline in women (3).
The limitations of the studies include differences in ranges of intakes that prohibit direct comparisons with doses of coffee, tea, and total caffeine intakes estimated across studies of cognitive decline. The low ceilings of intake allowed by some assessment tools result in conservative assessments of intake that are likely to underestimate the true population consumption and mask the effects of heavy daily consumption.
Another concern is that caffeine is also underestimated. The questionnaires did not allow differentiation of caffeinated sodas at baseline. Therefore, this source of caffeine was not added to the total weekly caffeine consumption and contributions from chocolate and other caffeinated sources were not included.
As with all dietary exposures, measurement error is inevitable. Individuals poorly remember their usual consumption of foods and beverages. This concern is in addition to the potential effect of unmeasured confounders and residual confounding that is inevitable in studies of this nature.
Another concern is that consumption behavior was considered only at baseline. Ideally, repeat measures of consumption would be used to characterize individuals. Baseline values are useful only if there is a relative stability in consumption over time among elder individuals.
Aside from the differences in exposure assessment, the handling of the outcome variables also differed tremendously across studies. The variety in modeling approaches and consideration of missing values and handling of item response bias was inconsistent and inadequately addressed in numerous studies.
Given these constraints, the relatively consistent effect for women at a very low frequency of consumption and the lack of a linear dose-response relationship was surprising. The lack of a linear dose-response relationship suggests that some other factor or factors associated with consumption and nonconsumption of these beverages may explain the associations found.
Conclusion
Tea or coffee consumption may somewhat attenuate the rate of cognitive decline in women as may caffeine consumption. The lack of a linear dose-response relationship remains a concern. Whether these findings reflect underlying measurement error in the exposure assessment, fluctuations in behavior, a true biological threshold, or basic differences between consumers and nonconsumers requires further investigation. The mounting evidence of a possible protective role of tea, coffee, or caffeine against neurodegenerative disorders seems to indicate there is a correlation with a reduction in cognitive decline. Hopefully, in the future, more sensitive outcomes such as findings from neuro-imaging studies in which participants were asked to drink coffee or tea and how this has affected their brain functional MRI activation will become available from experimental data.
